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We report on a search for charge-1/3 third-generation leptoquarks (LQ) produced in pp collisions 
at *Js =  1.96 TeV using the DO detector at Fermilab. Third generation leptoquarks are assumed to 
be produced in pairs and to decay to a tau neutrino and a b quark with branching fraction B. We 
place upper limits on a(pp —>■ LQLQ ) x B 2 as a function of the leptoquark mass M lq  ■ Assuming B  =
1, we exclude at the 95% confidence level third-generation scalar leptoquarks with M Lq < 229 GeV.
4PACS num bers: 14.80.-j, 13.85.Rm
Leptoquarks (LQ) are bosons predicted in m any ex­
tensions of the  stan d ard  model (SM) [1]. T hey carry  
bo th  nonzero lepton and color quantum  num bers and 
decay to  a lepton and quark (or antiquark). To sa t­
isfy experim ental lim its on lepton num ber violation, on 
flavor-changing neu tral currents, and on p ro ton  decay, 
leptoquarks of mass accessible to  current collider experi­
m ents are constrained to  couple to  only one generation of 
leptons and quarks [2]. Therefore, only leptoquarks th a t 
couple w ithin a single generation are considered here.
This L etter reports the results of a search for charge- 
1/3  th ird-generation leptoquarks produced in pp colli­
sions a t a/s =  1.96 TeV. We assume th a t leptoquarks are 
produced in pairs by qq annihilation or gg fusion, i.e., 
p  + p  —> LQ  + LQ  + X . These processes are indepen­
dent of the  unknown leptoquark-lepton-quark  coupling, 
and the pair production  cross section has been calcu­
lated  including next-to-leading order term s for scalar lep- 
toquarks [3]. Such leptoquarks would decay into either a 
vT plus a b quark  or a t  lepton plus a t  quark. We search 
for the decay signature where b o th  leptoquarks decay via 
LQ  ^  vT +  b w ith branching fraction B, resulting in a 
vTvTbb final s ta te . U pper lim its on the cross section tim es 
B 2 as a function of leptoquark  mass (M Lq ) are m easured 
and then  used to  determ ine lower lim its on M Lq assum ­
ing they  are scalar for which the calculated cross section 
is lower and b e tte r determ ined th an  th a t for vector lepto- 
quarks which have only been calculated to  leading order 
[4]. Previous lim its from Ferm ilab Run I d a ta  were re­
ported  by bo th  the DO [5] and CDF [6, 7] collaborations 
based on significantly smaller in tegrated  lum inosities and 
a t a slightly lower center-of-mass energy com pared w ith 
the Run II d a ta  available now.
The upgraded R un II DO detector [8] consists of layered 
system s surrounding the in teraction point. Closest to  the 
beam  are the  silicon m icrostrip  tracker and a central fiber 
tracker, bo th  im m ersed in the field of a 2 T solenoid. 
These m easure the m om enta of charged particles and re­
construct p rim ary  and secondary vertices. Je ts  and elec­
trons are reconstructed  using the p a tte rn  of energy de­
posited in three uran ium /liqu id-argon  calorim eters ou t­
side the tracking system  w ith a central section covering 
|n| <  1.1 and two end calorim eters housed in separate 
cryostats covering the regions up to  |n| «  4 (where n 
=  —ln[tan(0/2)] is the pseudorapidity, and 0 is the po­
lar angle w ith respect to  the  p ro ton  beam  direction). 
Je t reconstruction uses a cone algorithm  [9] w ith radius 
n  =  v^A ry)2 +  (A</>)2 =  0.5 in pseudorapidity  and az­
im uthal angle (^ >) space about the j e t ’s axis. The je t 
energy scale was calib rated  using the transverse energy 
balance in photon-plus-jet events [10]. A m uon system  
outside the calorim eters consists of a layer of d rift tubes 
and scintillation counters before 1.8 T  iron toroids and
two sim ilar layers outside the toroids. Identified muons 
were required to  have hits in b o th  the wire cham bers and 
scintillation counters and were m atched to  a central track  
which determ ined their m om enta. The missing tran s­
verse energy, E T , was determ ined by the vector sum  of 
the transverse com ponents of the energy deposited in the 
calorim eter and the p T of detected muons.
D ata  collection used a three level trigger system  and 
two trigger selections were analyzed for the  results pre­
sented here. The first, called the missing energy trig ­
ger here, used missing energy plus je ts  elements. At 
Level 1 it required a t least three calorim eter trigger tow­
ers w ith E t  > 5 GeV, where a trigger tower spans 
A ^  x A n =  0.2 x 0.2. The vector sum  of all je ts ’ tran s­
verse m om enta, defined as IflT =  \ jets pt\, was required 
to  be greater th an  20 GeV a t Level 2 and g reater th an  
30 GeV a t Level 3. For 16% of the  in tegrated  luminosity, 
the acoplanarity, defined as the azim uthal angle between 
the two leading je ts, was required to  be less th an  169° 
and the H T = Y1 jets \pt\ be greater th an  50 GeV. An in­
teg ra ted  lum inosity of 360 p b -1  [11] was collected w ith 
th is trigger. The second trigger, called the m uon trigger 
here, used m uon and je t elem ents to  increase the accep­
tance for events where one of the b je ts  was identified 
by its associated muon. At Level 1 it required a t least 
one m uon candidate and a t least one calorim eter trig ­
ger tower w ith E T >  3 GeV. Higher je t thresholds were 
im posed a t Level 2 and finally 25 GeV a t Level 3. An 
in tegrated  lum inosity of 425 p b -1  was collected w ith the 
m uon trigger. These missing energy and m uon triggers 
were not independent and only the 65 p b -1  of the muon 
trigger d a ta  sample which does not overlap was used for 
the combined result.
Signal samples for leptoquark  masses between 150 and 
400 GeV were generated w ith PYTHIA 6.202 [12]. In­
strum ental background comes m ostly  from QCD m ulti­
je t processes w ith false E T arising from m ism easurem ent, 
and dom inates the low E T region. Physics backgrounds 
are SM processes w ith real E T and were estim ated from 
M onte Carlo (MC) sim ulations. The m ost im portan t are 
leptonic decays of W /Z  bosons plus je ts  w ith Z  ^  v v  
or when a lepton rem ains unidentified or is misidentified 
as a hadron, and processes which produce top  quarks. 
For all MC samples except t t  and single top  quark, the 
next-to-leading order cross sections were obtained from 
Ref. [13]. Cross sections for t t  and single top  quark pro­
duction were taken from Ref. [14] and [15], respectively. 
At the parto n  level, single top  quark MC events were gen­
erated  w ith COMPHEP 4.4 [16], and ALPGEN [17] was used 
for all o ther samples. These events were then  processed 
w ith PYTHIA which perform ed showering and hadroniza- 
tion. An average of 0.8 m inim um  bias events was su­
perim posed on each MC event to  m atch the num ber of
5TABLE I: Predicted numbers of signal and background events before b tagging and after all requirements (statistical errors
Data sample Missing energy trigger 360 pb 1 Muon trigger 425 pb 1
Process Pretag requirements All requirements Pretag requirements All requirements
W  -*■ fj,u + j j 108 ±  6 0.28 ±  0.11 100 ±  7 0.06 ±  0.06
W  ^  ev +  j j 160 ±  14 0.02 ±  0.01 6 ± 3 0
W  ^  TV +  j j 396 ±  36 0.17 ±  0.05 7 ± 5 0
Z  ^  vv  +  j j 603 ±  18 0.45 ±  0.16 25 ±  4 0
tt  and single top 36 ±  1 1.42 ±  0.11 18 ±  0.6 0.80 ±  0.11
W /Z +  ct 18 ±  1 0.46 ±  0.11 3.01 ±  0.49 0.21 ±  0.12
Z +  bb 6 ± 1 0.67 ±  0.08 1.89 ±  0.20 0.22 ±  0.06
W  + bb 8 ±  1 0.59 ±  0.11 4.43 ±  0.38 0.41 ±  0.11
Total SM expected 1335 ±  43 4.1 ±  0.3 165 ±  10 1.7 ±  0.2
QCD contribution 40 ±  40 < 0.1 6 ±  6 < 0.2
Data 1241 1 146 0
Signal M lq = 200 GeV 34 ±  1 10.1 ±  0.3 9.6 ±  0.4 3.8 ±  0.2
Signal acceptance 35.9% 10.4%, 8.4%, 3.3%,
additional collisions observed in data . The resulting sam ­
ples were processed using a full GEANT sim ulation of the 
DO detector [18]. CTEQ5L [19] was used as the parton  
density  function in all cases.
For bo th  d a ta  samples, a set of preselection require­
m ents was applied prior to  b tagging in order to  reduce 
the num ber of events from QCD m ultijet and W /Z  + je ts  
processes. Values for preselection cuts and je t quality  
criteria  were driven by trigger requirem ents. To reject 
W  ^  l v  decays, a veto was applied to  events w ith iso­
la ted  electrons or m uons w ith p T > 5 GeV. Likewise, 
events containing a track  w ith tigh ter isolation cuts and 
w ith p T >  5 GeV were rejected to  reduce the contribu­
tion  of leptons which rem ained unidentified. The num ­
ber of events w ith m ism easured ET was reduced by re­
quiring th a t the prim ary  vertex be w ithin ±60  cm in 
the beam  direction from the center of the detector and 
by elim inating those where the ]/T direction and a je t 
overlapped in ^. For the missing energy trigger sample, 
events were required to  have ]/T > 70 GeV, the  leading 
je t was required to  have |n| <  1.5 and p T >  40 GeV, 
and, for events w ithout muons, scalar H T > 110 GeV. 
For the m uon triggered sample, the preselection required 
a m uon w ith p T >  4 GeV and a leading je t w ith |n| <  1.5 
and p T >  40 GeV (>  50 GeV if not associated w ith a 
m uon). A dditional requirem ents were a second je t w ith 
p T >  20 GeV, H T >  50 GeV and TfiT > 70 GeV. The 
num bers of pre-selected events in b o th  samples and their 
estim ated sources are given in Table I .
F igure 1 shows d istributions of ET and H T w ith the 
signal LQ and background SM events norm alized to  the 
to ta l in tegrated  luminosity. The d a ta  samples reproduce 
the SM expectations for ]/T > 90 GeV indicating th a t 
contributions from QCD m ultijet processes are small in 
th is range. The contribution  from these events is esti­
m ated  from the ]/T d istribu tion  below 70 GeV by a fit to  
an exponential after sub tracting  SM contributions. This
is sim ilar to  the  technique used in our search for scalar 
bo ttom  quarks [20] and to ta l, for E T >  70 GeV, 40 ±  40 
events and 6 ±  6 events in the  missing energy and muon 
trigger samples, respectively. After b tagging, which is 
described below, the contributions from this source are 
less th an  0.1 and 0.2 events respectively, and a value of 
0 events was conservatively used for lim it calculations.
Backgrounds w ith light flavor je ts  were reduced by re­
quiring the presence of b-tagged je ts. We used je ts  th a t
> a O 
°  10:
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FIG. 1: The f!T distributions and the scalar HT (with 
ET > 70 GeV) distributions before b tagging for data (points) 
compared to SM background (solid histogram). The missing 
energy trigger sample is given in (a) and (b) and the muon 
trigger sample in (c) and (d). The shaded histograms are the 
expected contribution for a 200 GeV LQ signal.
6TABLE II: Numbers of observed and predicted events after final selection, the effective signal acceptance (with total error), 
and the observed and expected 95% C.L. cross section limits as a function of MLq . Scalar cross sections were used to calculate 
the expected numbers of signal events.
M lq ($ t  , Ht )“ Data SM ±  stat ±  sys Signal ±  stat ±  sys Effective a  95% C.L. limit
GeV GeV events events events acceptance (%) obs./exp. (pb)
170 (70,110) 4 7.3 ±  0.4 ±  1.7 27.0 ±  0.6 ±  4.6 10.4 ±  1.5 0.163/0.232
200 (90,150) 1 4.3 ±  0.3 ±  1.0 10.7 ±  0.3 ±  1.7 11.1 ±  1.6 0.101/0.163
220 (90,190) 1 3.3 ±  0.3 ±  0.7 5.8 ±  0.2 ±  0.9 11.5 ±  1.6 0.097/0.142
240 (90,190) 1 3.3 ±  0.3 ±  0.7 3.7 ±  0.1 ±  0.6 13.6 ±  2.0 0.081/0.119
280 (90,190) 1 3.3 ±  0.3 ±  0.7 1.3 ±  0.0 ±  0.2 15.5 ±  2.2 0.071/0.105
320 (90,190) 1 3.3 ±  0.3 ±  0.7 — 17.5 ±  2.5 0.063/0.092
360 (90,190) 1 3.3 ±  0.3 ±  0.7 — 18.9 ±  2.7 0.058/0.085
400 (90,190) 1 3.3 ±  0.3 ±  0.7 — 21.6 ±  3.1 0.051/0.074
“E t  > 70 GeV, H t  >140 GeV applied to  all m uon-tagged events.
contained either tracks w ith a significant im pact param ­
eter or m uons to  select b-jet candidates. Events were 
required to  have two b tags w ith a t least one passing the 
im pact param eter criterion. For events selected w ith the 
m uon trigger, a b je t tagged using a reconstructed  m uon 
in proxim ity to  a je t was required. Otherwise, the events 
from b o th  trigger samples were trea ted  in an identical 
way for the rem ainder of the analysis.
We assigned a b probability  to  a je t based on prop­
erties such as the  existence of tracks w ith a significant 
im pact p aram ater th a t indicated the presence of a sec­
ondary  vertex. The algorithm  [21] required a t least two 
tracks in a je t, each w ith a h it in the silicon tracker. 
Tagging probabilities in sim ulated je ts  used param eteri- 
zations derived from data . The probability  of a je t to  be 
of light flavor was derived and required to  be less th an  
2%, which yielded a b-tag efficiency of about 45% per b 
je t. This choice m axim ized the expected LQ m ass lim its 
after all o ther cuts were applied.
M uon-tagged je ts  were also considered b-jet candi­
dates. M uon thresholds were raised to  p^, >  6 GeV 
to  suppress contributions from n / K  decays. Rem ain­
ing backgrounds from W  boson decays to  m uons were 
due to  accidental overlap of a m uon w ith a nearby jet. 
We required th a t the sum  of track  pT in a cone of 0.5 
around the m uon be greater th an  10 GeV, and th a t the 
approxim ate p T of the m uon relative to  the j e t ’s axis, 
A R M_jet x p ^ , be less th an  3.5 GeV, as m uons originat­
ing from je ts  are closer to  the je t axis for higher values 
of p T [22]. These requirem ents are not independent and 
combining them  was found to  reduce the W  boson back­
ground by 95% while keeping 77% of the signal. Muon 
tagging has a b-tag efficiency of about 11% w ith less th an  
0.5% of light flavored je ts  passing the tag  criteria.
Since signal events are dom inated  by high energy b 
jets, the  quan tity  X j j  =  (pTsl +  p T g2) / ( ^ j etsp T ) was de­
fined, w ith the m uon p T included in the  p T of the tagged 
je t, where applicable. We required X j j  >  0.8 which was 
found to  significantly reduce the contribution from top 
quark  pair events. Since ] T and  H T increase for higher
values of M Lq , we optim ized the requirem ents on these 
param eters as a function of leptoquark  mass by m axi­
mizing S /y fB ,  where S  and B  are estim ated signal and 
background rates. The values used for the m inim um  H T 
and ] T are given in Table II and were applied only to  
the double b vertex tagged sample. For the m uon-tagged 
events, the  H T >  140 GeV requirem ent was applied, and 
the ] t  cu t rem ained a t 70 GeV as these events have a 
smaller contribution from light flavor jets.
Results of the  final event selection along w ith predicted 
num bers for signal (M Lq =  200 GeV) and SM back­
grounds are listed in Table I . The la tte r originate m ostly 
from W /Z  +  bb production  and top  quark  events.
Sources of system atic uncertainties include errors in 
the determ ination  of the in tegrated  lum inosity (6.1%) 
[11] and SM cross sections (15%). Trigger and je t se­
lection efficiencies were m easured w ith d a ta  and their 
contribution  to  the system atic errors is small. Je t en­
ergies and ] T were varied w ithin the energy scale cor­
rection uncertainty, and the im pact on signal acceptance 
and background rates was determ ined w ith MC to  be 3% 
and 10% respectively. Je t b-tagging efficiency uncerta in­
ties are 12% for signal and 11% for background.
One event rem ains in the  combined d a ta  sam ­
ple for the selection criteria  used for all points 
w ith M Lq > 200 GeV. This is consistent w ith the 
3.3 ±  0.3 ±  0.7 expected events from SM processes. The 
probability  of the observed deficit is 16%. The 95% C.L. 
upper lim its on the a(pp  —>■ L Q L Q  —>■ vvbb) x B 2 were 
obtained using the techniques in Ref. [23]. The effective 
signal acceptances of the combined sam ple (normalized 
to  360 p b - 1 ), num bers of events, and the resulting limits 
as functions of M Lq are sum m arized in Table I I .
Figure 2 shows the cross section lim it as a function 
of M Lq. Lim its on the scalar leptoquark  mass were ob­
ta ined  by the intersections of the  observed 95% C.L. cross 
section lim its w ith the lower bounds of a next-to-leading 
order calculation for which variation of the renorm aliza­
tion  scale ^  from 0.5M Lq to  2 M Lq and  the P D F un­




FIG. 2: The 95% C.L. limit on a x  B 2 (points plus solid 
line) as a function of M Lq. The prediction for scalar lep- 
toquarks (solid line) include an error range (in grey) of p 
between 0.5MLq and 2MLq. The long-dashed line below the 
theory band indicates the threshold effect for the r t  channel.
assumed, our lim it is M Lq >  229 GeV. We can also 
consider the case where LQ ^  t r  decays occur. If we 
assume th a t the  leptoquark  couplings to  vT b and t r  are 
the same, the branching fraction for LQ ^  vTb is then  
1 — 0.5 x Fsp where Fsp is the  phase space suppression 
factor for the t r  channel [25]. This is shown on the fig­
ure as a displacem ent from the lower edge of the theory  
band. W ith  this assum ption, the  95% C.L. lower mass 
lim it for scalar leptoquarks is 221 GeV.
In conclusion, we observe one event w ith the topology 
bb +  ET consistent w ith th a t expected from top  quark 
and W  and  Z  boson production and set lim its on the 
cross section tim es branching fraction squared to  the bv 
final s ta te  as a function of leptoquark  mass for charge-1/3 
leptoquarks. These lim its are in terpreted  as m ass lim its 
for third-generation scalar leptoquarks and increase the 
excluded value by 81 GeV com pared to  previous results.
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